Most studies of inbreeding depression have confounded levels of inbreeding of parents with those of offspring. We used 4 experimental groups of prairie voles (Microtus ochrogaster) in which both parents and offspring were noninbred, parents and offspring were inbred, or parents and offspring differed in their level of inbreeding. For each pair, we recorded latency to the production of the 1st litter, number of litters produced and number of young born in 120 days, litter weights from birth to weaning, and parental behavior. Noninbred parents produced more litters and young and showed shorter interlitter intervals than did inbred parents. Inbred offspring weighed less at birth and weaning. We found no significant differences in parental behaviors among groups. Our results demonstrate that inbreeding depression occurs in prairie voles, and that it may be influenced more by physiological changes in inbred parents or young than by behavioral deficiencies in inbred parents. However, larger sample sizes could reveal that parental behavior does have an effect.
Numerous studies have shown that matings between closely related individuals can result in ''inbreeding depression,'' a reduction in fitness due to increased homozygosity (Bixler 1992; Ryan et al. 2003) . Moreover, some evidence suggests that the level of inbreeding of parents affects reproductive performance (Margulis 1996 (Margulis , 1998b Wainwright 1981) . The detrimental effects of inbreeding may include reductions in fertility, litter size, offspring weight, and juvenile survival (e.g., Greenwood et al. 1978; Keane 1990; Ralls and Ballou 1982; Ralls et al. 1988; Ryan et al. 2003) .
Such effects usually have been assumed to be due to inherent characteristics of the inbred offspring. However, Kirkpatrick and Lande (1989) and Bixler (1992) suggested that, when the parents also are inbred, one effect of parental inbreeding may be a change in parental behaviors (e.g., Wainwright 1981) , which secondarily affects survivorship and vigor of the offspring.
To clarify whether inbreeding affects parental behavior, parental physiology, offspring physiology, or a combination of these factors, it is critical to conduct studies with at least 4 experimental groups: neither parents nor offspring are inbred; both parents and offspring are inbred (i.e., parents are inbred and related to each other); parents are not inbred but they are related, so the offspring are inbred; and parents are inbred but because they are unrelated, the offspring are not inbred. Margulis (1996 Margulis ( , 1998b used such a design to study the oldfield mouse (Peromyscus polionotus), a monogamous species with a social structure similar to that of the prairie vole (Microtus ochrogaster). She found that parental inbreeding affected parental behaviors, with inbred mothers showing greater levels of parental care as compared to outbred females, but inbred fathers showing reduced levels as compared to outbred fathers. The major component of inbreeding depression for inbred females was their reduced fecundity: they were less likely to reproduce, took longer to produce their 1st litter, and produced smaller litters, as compared with outbred females (Lacy et al. 1996; Margulis 1998a; Margulis and Altmann 1997) . Superior parental care shown by inbred females did not compensate for these other deficits, and inbred females had overall lower reproductive success (Margulis 1998b ).
The theoretical work described above (Bixler 1992; Kirkpatrick and Lande 1989) , coupled with the empirical research of Wainwright (1981) and Margulis (1996 Margulis ( , 1998a Margulis ( , 1998b , suggests that inbreeding depression may result from a combination of inherent characteristics of the offspring and changes in the quality of offspring care provided by parents. Thus, studies that examine only the characteristics of inbred Inbreeding depression has been studied in only 1 other species of Microtus, the tundra or root vole (M. oeconomus). Because the social organization of this species appears to be different from that of M. ochrogaster, direct comparisons are difficult. Nonetheless, we review the results of several studies on M. oeconomus because these are the only ones available in another species in this genus. Facemire and Batzli (1983) found no differences in reproduction by sibling pairs versus unrelated pairs of root (tundra) voles (no statistical analysis was given, but our analysis of their reported data shows lack of significance:
On the other hand, Santos et al. (1995) reported decreased pregnancy rates and litter sizes over 3 generations of inbreeding in a laboratory study of this species. Similarly, Gundersen et al. (2001) , also working with M. oeconomus, maintained the offspring of siblings and of nonsiblings in separate field enclosures and found decreased growth rates of inbred animals.
Only Santos et al. (1995) examined the relationship of inbreeding and parental behavior in Microtus. They found no significant difference in paternal behavior of inbred versus outbred fathers in M. oeconomus.
In this study, we perform the 1st extensive evaluation of the effects of inbreeding on reproductive performance in a microtine. Using an experimental design in which the level of inbreeding of the parents is independent of the level of inbreeding of the offspring, we are able to determine whether inbreeding depression occurs and whether parental behavior, offspring physiology, or both play a role in inbreeding depression in this species.
MATERIALS AND METHODS
All procedures performed were in accordance with guidelines of the American Society of Mammalogists for animal care and use (Animal Care and Use Committee 1998) and were approved by the University of Missouri-St. Louis Institutional Animal Care and Use Committee.
Animal care.-All prairie voles were from the University of Missouri-St. Louis Animal Colony. Founder animals came from a captive-bred population originally captured in the wild at University of Illinois at Urbana-Champaign. These founders were set up as breeders and additional animals from the same locality (Urbana-Champaign population) were introduced at intervals to prevent inbreeding. In this study, all experimental animals were offspring of founders or of unrelated animals (r , 0.125) bred to the offspring of founders.
All animals were housed in standard plastic cages (20 Â 23 Â 45 cm; Allentown Caging, Allentown, New Jersey) with wood shavings (Aspen Shavings; NEPCO, Warrensburg, New York) and paperchip (Cellu-Dri; Shepherd Specialty Papers, Watertown, Tennessee). Voles received food (Rodent Chow Purina Lab Diet 5001; Purina, St. Louis, Missouri) and water ad libitum, and were maintained on a 14L:10D cycle with lights on at 0500 h. All voles were reared with both parents until young were 21 days (the age at which voles in our colony are considered to be weaned), at which point they were separated from their parents and housed with their littermates.
Assignment of breeding pairs.-When they were 60 days old, well after reaching sexual maturity (Solomon 1991) , voles were placed in 1 of 4 groups. In all groups, all breeders were initially nulliparous and had not previously been paired with opposite-sex voles. In the 1st group, breeding pairs consisted of noninbred nonsiblings (n ¼ 27; nonsibling voles in these experiments always had r , 0.0625). This group is the control; neither parents nor offspring were inbred. In the 2nd group, breeding pairs consisted of noninbred full siblings (n ¼ 25). The siblings making up a pair were from 2 different litters by the same parents and had not interacted before being paired for this study (i.e., they were unfamiliar with one another). Thus, although the voles making up the breeding pairs in this group were not inbred, their offspring were. In the 3rd group, the breeding pairs were inbred nonsiblings (n ¼ 24). The resulting offspring were not inbred, but the parents were. The 4th group comprised breeding pairs of inbred full siblings (n ¼ 27). Again, the siblings were from 2 different litters and unfamiliar with one another. Both the parents and offspring in this group were inbred; in fact, their offspring were 2nd-generation inbred individuals.
Reproductive performance.-Breeding pairs were monitored daily for births of litters. If no litters were produced within 60 days of pairing, the voles were killed. If at least 1 litter was produced within that period, observations were continued for 120 days from the date of pairing. Variables recorded included latency from date of pairing to production of the 1st litter; number of litters produced in 120 days after pairing; interlitter intervals defined as number of days from birth of 1 litter to birth of the next (reported as average of the first 3 intervals for each breeding pair that produced !4 litters); and number of young born in 120 days. One litter (chosen randomly from the first 4 litters) from each breeding pair was weighed weekly from birth to weaning (21 days). Sample sizes for these factors varied, because some pairs did not breed or produced fewer than 4 litters.
Parental behavior.-Observations of parental behavior were made for 1 litter of each pair (chosen randomly from the first 4 litters). Families were observed for 15 min weekly from birth to weaning. Observations were made during lights on, between 1000 and 1600 h. Parents were distinguished by location of ear tag (males in left ear and females in right). Voles were observed in their home cage with the lid removed to facilitate viewing. The observer was quiet and motionless and the voles were not touched during observations. Some observations could not be made on day 21 because a new litter had been born that day and the older litter was removed to a new cage (prairie voles show postpartum estrus with mating occurring immediately after birth of a litter; because gestation is approximately 21 days, in some cases, a new litter was born before we could make the final behavioral observations). Thus, the number of pairs (n) that were observed ranged from 12 to 15 pairs at birth and 8 to 11 pairs at weaning.
Scan sampling at 10-s intervals was used to record the following behaviors: brooding, in which the parent was positioned above the young, and in the case of the mother, may have included nursing (because young are completely covered during brooding, it is impossible to determine when brooding by females also includes nursing); huddling, when the parent was positioned beside the young; carrying an infant by mouth; grooming young with the mouth or paws; sniffing; not in contact with young; and not visible, meaning that the parent had burrowed into the bedding and its behavior could not be observed.
Statistical analyses.-A chi-square test was used to compare the observed to the expected number of pairs that successfully bred in each of the 4 groups. Latency to production of the 1st litter was set at 60 days for those pairs that did not breed. Latency to production of the 1st litter, as well as the number of litters produced in the first 120 days, interlitter interval, number of young born in 120 days, and offspring birth weights were all analyzed with a 2-way analysis of variance (ANOVA) using parents' level of inbreeding (inbred or noninbred) and level of relatedness (full siblings or nonsiblings) as the 2 factors. Growth rate was calculated as the difference between weight at weaning and weight at birth divided by 21 days, and was analyzed by 2-way ANOVA.
Parental behavior was analyzed with t-tests (when comparing 2 groups such as mother and father or newborns and weanlings) and by 2-way ANOVA (when comparing all 4 experimental groups or testing for interactions). A power test (Zar 1984) was conducted to determine the number of litters necessary to demonstrate significant differences in parental behavior. Throughout the ''Results,'' only significant interactions are reported.
RESULTS
Reproductive performance.-The percentage of pairs that reproduced differed significantly among the 4 groups (v 2 ¼ 8.2, d.f. ¼ 1, P ¼ 0.04) with noninbred nonsiblings being the most likely to breed (25 of 27 pairs bred) and inbred full siblings and inbred nonsiblings being the least likely (respectively, 18 of 27 and 16 of 24 pairs bred; Fig. 1A ).
Among pairs that bred, neither parents' level of inbreeding (inbred or noninbred; F ¼ 0.48, d.f. ¼ 1, 77, P ¼ 0.49) nor parents' level of relatedness (nonsiblings or full siblings; F ¼ 0.26, d.f. ¼ 1, 77, P ¼ 0.61) had a significant effect on latency to birth of the 1st litter (Fig. 1B) . All pairs that gave birth did so within 40 days of pairing, with pairs of noninbred nonsiblings averaging the shortest latency (30 days), but range of latencies within each treatment overlapped considerably. There was a significant interaction between parents' level of inbreeding and level of relatedness: inbred full siblings and outbred nonsiblings showed significantly shorter latencies to breed
The number of litters produced in the 120 days after pairing was significantly affected by parents' level of inbreeding (F ¼ 6.54, d.f. ¼ 1, 82, P ¼ 0.01) with noninbred parents producing more litters than inbred parents (on average, 3.8 litters versus 3.1). The effect of parents' level of relatedness, however, was not significant (F ¼ 1.77, d.f. ¼ 1, 82, P ¼ 0.79; Fig. 1C) .
Noninbred parents showed an average interlitter interval of only 25 days, as compared to inbred parents' average interval of 29 days. This difference was significant (F ¼ 6.71, d.f. ¼ 1, 63, P ¼ 0.01), whereas again, parents' level of relatedness was not a significant factor (F ¼ 0.0004, d.f. ¼ 1, 63, P ¼ 0.98; Fig. 1D ).
There was a significant difference in number of young born in 120 days, with noninbred parents averaging about twice as many young as inbred parents (parents' level of inbreeding: Fig. 1E ). This was due in part to the higher number of litters produced by noninbred parents, but these voles also had larger litters on average (F ¼ 3.81, d.f. ¼ 1, 82, P ¼ 0.05).
Infant weights on the day of birth (day 0) averaged 3.3 g for the (inbred) offspring of full-sibling parents, but 3.9 g for the (noninbred) offspring of nonsiblings. This was a significant difference (F ¼ 8.98, d.f. ¼ 1, 53, P ¼ 0.004; Fig. 2A) . The parents' level of inbreeding was not a significant factor (F ¼ 0.22, d.f. ¼ 1, 53, P ¼ 0.64).
At weaning (day 21), offspring of nonsibling parents weighed 21 g on average, whereas offspring of full siblings weighed 19 g (Fig. 2B) . This difference was significant (F ¼ 5.09, d.f. ¼ 1, 49, P ¼ 0.03), whereas there was no significant effect of the parents' level of inbreeding (
The difference in weaning weight might have been explained by the difference in birth weights, but outbred young gained weight faster than inbred young (F ¼ 4.13, d.f. ¼ 1, 49, P ¼ 0.048; Fig. 2C ). There were no significant differences in growth rate based on the parents' level of inbreeding (F ¼ 1.05,
Parental behavior.-There were no significant differences among the 4 groups in any of the specific parental behaviors performed by mothers alone, fathers alone, or both parents together. When contact behaviors (brooding, huddling, carrying, grooming, and sniffing) were totaled, there were no significant differences among the 4 groups for mothers, fathers, or both parents together. This lack of difference persisted at all ages observed (day 0, 7, 14, and 21).
DISCUSSION
Our findings show a dramatic effect of inbreeding depression on prairie voles, including decreased likelihood of reproducing, fewer litters and young produced during the first 120 days, longer interlitter intervals, lower offspring weights at birth and weaning, and lower growth rates. Moreover, these effects implicate both parents and offspring, because 3 of the effects (number of litters and number of young produced in 120 days and interlitter interval) differed significantly between the groups of inbred and noninbred parents, whereas 3 of the effects (offspring weights at 0 and 21 days and growth rate) differed significantly between groups of inbred and noninbred offspring (i.e., offspring of related versus unrelated parents).
In yet another factor, latency to birth of the 1st litter, there was a significant interaction between level of inbreeding of young and parents, with inbred full siblings and noninbred nonsiblings reproducing more quickly than inbred nonsiblings and noninbred full siblings. We are uncertain how to explain this interaction.
We found no evidence that inbreeding depression in this study was due to differences in parental behavior; inbred parents spent as much time in contact with their offspring and as much time performing specific parental behaviors as did noninbred parents. This suggests that the inbreeding depression we observed was due to both parental physiology and offspring physiology. Differences in parental behavior apparently did not play a role in inbreeding depression, although our sample sizes may have been too small to demonstrate such an effect (see below). Ryan et al. (2003) reviewed the effects of inbreeding and of kinship on components of lifetime reproductive success in nondomesticated vertebrates. They focused on juvenile survival, adult survival, mate acquisition, fecundity, and parental care, and they showed that juveniles have received the most research attention. Two of the effects we observed in prairie voles (lower offspring weights at 0 and 21 days) also appear to demonstrate inbreeding depression at this stage. However, it should be noted that lower weight at weaning may also have implications for adult survival and reproductive success. For example, Solomon (1994) showed that the young of females who are heavier at weaning grow faster.
The lower number of litters and young produced in 120 days and longer interlitter intervals we observed for inbred parents appear to be due to inbreeding depression occurring at the stage of fecundity or mate acquisition (Ryan et al. 2003) . Failure to establish pair bonds (or establishing only weak bonds) could be the cause of these results because, although our voles had no choice of mates, they might have avoided mating with the individual with whom they were paired if that individual was related. However, we cannot rule out fecundity effects because we did not subsequently pair nulliparous voles with nonsiblings or examine them for sexual activity or failed pregnancies. Thus, any negative fecundity effects could have resulted also from inadequacies in gamete production, fertilization, implantation, gestation, or a combination of these (Ryan et al. 2003) .
We were unable to show evidence that parental behavior influences inbreeding depression, but this could be an artifact of the small sample size (a power test confirmed this and suggested we would need from 20 to 100 pairs in each treatment, depending on the particular behavior analyzed). Margulis (1996 Margulis ( , 1998b , for example, used much larger numbers of mice (totaling more than 200 successfully breeding pairs from 2 different subspecies). On the other hand, Santos et al. (1995) found significant differences with sample sizes comparable to ours, but using a more artificial procedure in which the father and 2 young from each litter were removed from their home cage for observation. By contrast, we chose to minimize disruptions to the breeding pair and their offspring. Our observations suggested that parents showed great individual variation in behaviors performed; for example, although some parents spent a great deal of time hiding under the bedding, others spent the entire observation period visible and caring for young, whereas others spent most of the period active but not caring for young. Longer observation periods, more frequent observations, or observations conducted under red light might have provided sufficient data to overcome the issue of variation, but we cannot conclude from the present data that inbred parents behave differently from noninbred parents.
An important question is how applicable are our findings to conditions in the field. To our knowledge, no study other than that of Gundersen and colleagues (2001) , which focused primarily on survival and population size in field enclosures, has examined reproductive performance of inbred and noninbred voles in the field. This is probably because of the obvious difficulty of conducting such studies. Nonetheless, field studies on this issue would be extremely informative. It might be expected that the more stressful conditions in the wild (including more competitive interactions) would only exaggerate some of the effects we found, such as lower weights of inbred young.
In summary, our results demonstrate that inbreeding depression occurs in prairie voles. The observed inbreeding depression would have severe fitness consequences for offspring (because of the survival consequences of reduced weight at birth and weaning) and for parents (because of reduced numbers of litters and reduced fitness of offspring). These effects appear to be due to physiological changes in inbred parents or young, but based on this study, we cannot rule out the hypothesis that behavioral deficiencies in inbred parents could also affect aspects of reproductive performance.
